Pure spin current injection into a superconductive Nb was demonstrated experimentally by employing a nonlocal spin absorption technique in a multiterminal lateral structure. From the reduction in spin signals, we found the absorption efficiency remained almost unchanged even after superconducting transition. The Nb/Cu interface properties were also complementarily examined by using a Nb/Cu/Nb junction incorporated in the same device, revealing superconductivity below the transition temperature. These experimental results support that the pure spin current can be absorbed into a superconductive Nb wire with almost the same efficiency as in a normal state.
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Spin-dependent transport in nanostructured systems has drawn considerable attention owing to a high application potentiality in spintronics.
1,2 Spin current, a flow of spinangular momentum, plays an important role in operating the spintronic device. Therefore, efficient spin current manipulation is indispensable for developing the future spintronics. So far, spin currents in normal-conductors or semiconductors have been investigated intensively. [1] [2] [3] However, superconductors have been left unstudied experimentally in terms of pure spin currents. Since superconductor itself has great potentialities in applications such as Josephson circuit and quantum computing, 4 the study on spintronic devices combined with superconductors may lead to the emergent technology in spintronics. Indeed, several functional superconductive spintronic devices have been proposed theoretically. 5, 6 Superconductor/ferromagnetic metal hybrid structures have been widely studied from the view points of the pinning, proximity effects, coupling across a ferromagnet and quasiparticle diffusion. [7] [8] [9] [10] In terms of the quasiparticle diffusion, spin relaxation phenomena in the superconductor have recently been reported, [11] [12] [13] [14] wherein spin currents were generated by direct spin polarized current injection in ferromagnet/Al/ferromagnet spin valves. In contrast to Al, the higher transition temperature of Nb is attractive for this type of lateral spin valve experiments. However, the spin valve measurement using Nb is technically difficult to perform because of the short diffusion length of ϳ10 nm. In addition, the spin polarized current injection may induce the undesirable effects, such as a quench or suppression of the superconductivity due to heating, quasiparticle accumulations and so on. 15, 16 Thus, in the present work, we employed spin absorption technique, 17 which is not a conventional nonlocal spin valve measurement. Moreover, both superconductor/normal metal/superconductor ͑SNS͒ junctions and lateral spin valves including superconducting wires are incorporated into the same lateral device to examine complementary nature of superconductor/normal metal interfaces.
The devices were fabricated by means of the electronbeam lithography followed by three angle shadow evaporation. Using methylmethacrylate/polymethylmethacrylate bilayer resist, the large undercut structure was obtained after the electron beam lithography as schematically shown in Fig. 1͑a͒ . First, the ferromagnetic metal Py ͑Ni 81 Fe 19 ͒ wire of 30 nm in thickness was deposited obliquely. Then, the superconductor Nb wire of 50 nm in thickness was deposited from the opposite side of the Py evaporation. Finally, the normal metal Cu wire of 150 nm in thickness was deposited normal to the substrate. The superconductive transition temperatures of Nb wires in the fabricated devices lie in the range of 4 Ϯ 0.5 K. The transition temperatures of the Nb wires are lower than that of the bulk Nb, which is due to the contamination in the microfabrication process. 18 However, the transition temperature is high enough for our experiments. Important to note is that all the devices were fabricated without breaking vacuum. The interface resistances of the devices prepared in the same batch process were examined by means of pseudo four-lead measurement, and the values lie in the order of 10 m⍀. These facts assure that the interfaces are reasonably transparent. Figure 1͑b͒ shows a scanning-electron-microscope image of a typical fabricated device. The fabricated device con- sists of an SNS junction and a spin valve structure, which are framed as regions A and B, respectively. In the spin valve structure, the charge current injection from a Py wire into a Cu wire generates a pure spin current accompanied by no charge current. 19 The pure spin current can be detected as the spin accumulation voltage in the Cu wire by using the other Py wire located within the spin diffusion length of ϳ1 m. The nonlocal resistance, defined as the detected voltage divided by the charge current, varies according to the relative orientation of the two Py wires whose switching fields were altered by adding a pad structure i.e., a domain wall reservoir, 20 and the overall change in the resistance between the parallel and antiparallel states is called the spin signal. 12, 14, 19, 21 In this spin valve, a Nb wire is connected to the Cu wire in between the two Py electrodes. Thereby, the diffusive pure spin current is absorbed into the Nb wire via the transparent Nb/Cu interface. 17 The absorption results in the reduction in the measured spin signal. Therefore, the difference of the pure spin current injection efficiencies in between normal and superconducting states may be estimated as the difference between the spin signals before and after the superconducting transition. On the other hand, the SNS junction carries supercurrent via the Nb/Cu interfaces once the Nb wire becomes superconductive. 22, 23 Since the supercurrent can flow without voltage drop even in the Cu wire, the superconductivity of the Nb/Cu interface can be investigated by measuring the resistance of the Nb/Cu/Nb junction.
The spin signals were measured using a standard lock-in technique with a probe configuration shown in Fig. 2͑a͒ . In the measurements, representative temperatures for the normal and superconducting states were 12 K and 370 mK, respectively; the ac current amplitude for a lock-in measurement was 60 A. We first measured it in the normal state, whose result is shown on the left in Fig. 2͑b͒ , where the spin signal is 0.4 m⍀. The origin of the background is not clear at the moment but one of the possible explanations could be as in Ref. 24 . The asymmetric switching is due to the unidirectional anisotropy in the Py wires, possibly induced by the natural surface oxidation 25 after the lift-off process. The spin signal is clearly reduced compared with the spin signal of 1.2 m⍀ for the reference spin valve without the inserted Nb wire. Therefore this fact excludes the possibility of decoupling between Nb and Cu wires. The spin current absorption is measured reproducibly in similar device geometries, where the thicknesses of the Nb wires are as thin as that of the Py wires. Moreover, with using this absorption behavior, the spin dependent effects in Nb ͑Ref. 26͒ as well as Mo ͑Ref. 27͒ were measured in our previous studies. These facts assure that the reduction in the spin signals are due to the spin absorption into the Nb wire, not due to the extrinsic effects such as inhomogeneous diffusion in the Cu wire. Next, we measured the spin signal in the superconducting state shown on the right in Fig. 2͑b͒ . To exclude the effect of the applied magnetic field, the applied field was turned off after setting two Py electrodes in the antiparallel state by sweeping the magnetic field. By this means, a nonlocal resistance in the antiparallel state in the absence of the magnetic field was measured, of which result is shown as the black diamond in the right plot of Fig. 2͑b͒ . Even in the absence of the magnetic field, the spin signal stays at the value of 0.4 m⍀, almost same as that in the normal state.
Since the spin signals measured in the samples without the inserted Nb wires are considered to reduce only slightly at low temperatures, 28 no difference between the spin signals in the normal and superconducting states surprisingly means that the efficiency for pure spin current injection is preserved before and after the superconducting transition. 29 According to the conventional analyses, 29, 30 no change in the absorption efficiency yields nearly the same spin diffusion length in the superconducting state as in the normal state, which is inconsistent with other experimental report 14 and theoretical prediction, 31 suggesting the necessity of more detail studies. The absorption phenomena of the pure spin current strongly depend on the interface properties. 29 In the case of superconducting state, the pure spin current may be injected as quasiparticles over the suppressed superconducting gap at the Nb/Cu interface. Therefore, we examined the influence of the charge current to eliminate the possibility of a quench of the superconductivity at the Nb/Cu interfaces under pure spin current injection.
The charge current to generate a pure spin current causes Joule heating of the devices, spin accumulation at the Nb/Cu interfaces, and so on. In our case, the ac current density for experiments is 2 ϫ 10 10 A / m 2 in the Py wire, causing the temperature raise in the Si substrate of the order of 100 mK ͑Ref. 32͒ which is much lower than the transition temperature of 4 K for Nb. These effects are suppressors of the superconductivity of Nb wires and Nb/Cu interfaces, 15, 16 and thus it is necessary to investigate whether the state of Nb/Cu interfaces is in the superconducting or normal state under a pure spin current injection induced by a charge current. For this purpose, the resistance of the SNS junction was measured using the probe configuration in the Fig. 3͑a͒ . In this configuration, the SNS ͑Nb/Cu/Nb͒ junction exhibits superconductivity only when both the Nb/Cu interfaces and the Nb wires are in the superconducting state due to the superconducting proximity effect. Since the dispersion of the heating and the decay of the spin accumulation should depend only on the distance, the interfaces I and II placed at the equal distance from the injector Py wire are almost identical in terms of spin and thermal diffusion. Therefore, we can assume that the interface I is in the superconducting state under the pure spin current injection while the resistance of the SNS junction including the interface II is zero. The dc charge current from Py into Cu generates the pure spin current diffusing in the Cu wire toward the SNS junction. Under the dc pure spin current injection, the resistance of the SNS junction was measured by means of the lock-in technique with 1.2 A in the ac current. The measurement is performed in the absence of the magnetic field. Figure 3͑b͒ shows the dc current dependence of the SNS junction resistance. As seen in the figure, the SNS junction shows zero resistance up to 140 A dc current, indicating that the Nb/Cu interfaces are in the superconducting state. Since the ac current for the spin valve measurement is 60 A, the Nb/Cu interface must be in the superconducting state. This assures that the pure spin current is injected into the superconducting Nb wire.
In summary, we have demonstrated the pure spin current injection into the superconducting Nb wire using the spin current absorption through the transparent Nb/Cu interface in the multiterminal lateral devices. The pure spin current injection efficiency has been evaluated in spin valve measurements and the property of the Nb/Cu interfaces has been examined by using an SNS junction. The efficiency in the normal and superconducting states are found almost the same and the spin current absorption is not caused by a quench of the superconductivity of the Nb wire or the Nb/Cu interfaces. More precise investigations and analyses such as temperature dependence and thickness dependence will allow us to compare our results with other experimental report 14 and theoretical prediction. 31 This will reveal the mechanisms of the spin injection and diffusion in the superconducting state. It should be noted that these results indicate the possibility of using the conventional pure spin current injection and detection techniques in the superconductor spintronics, which have been mainly used in the study of the normal metal spintronics. It is expected that the spin diffusion length or spin Hall effects are measured in the superconductor/ferromagnetic metal hybrid structures, which is promising for applications for the spintronic devices. 3 . ͑Color online͒ ͑a͒ Schematic configuration of a resistance measurement of an SNS junction under the pure spin current injection. A pure spin current is induced by a dc current. The resistance of the SNS junction is measured by a four-probe lock-in technique. ͑b͒ dc current dependence of the resistance of the SNS junction at 370 mK. The black diamond indicates the amplitude of the ac current inducing the pure spin current in the spin valve measurement.
